Journal of Cellular Biochemistry Supplement 35:27-35 (2000)

Signal Transduction Pathways and Chromatin
Structure in Cancer Cells
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Abstract Molecular mechanisms controlling gene expression include cell shape, mechanical and chemical signal
transduction pathways, chromatin remodeling, and DNA methylation. In this article, we will review the contribution of
these molecular mechanisms and structural alterations in the malignant transformation of cells. The mechanical
signaling pathway consists of the tissue matrix system that links together the three-dimensional skeletal networks, the
extracellular matrix, cytoskeleton, and nuclear matrix. The cytoskeleton array is a dynamic system that transmits signals
from the cell exterior to nuclear DNA. The composition and function of this mechanical signaling pathway is altered in
cancer cells. Chemical signaling pathways such as the Ras/mitogen-activated protein kinase (MAPK) pathway stimulate
the activity of kinases that modify transcription factors, histones, and chromatin remodeling factors. Oncoproteins
deregulating this signaling pathway set in motion a series of events that cumulate to chromatin remodeling and aberrant
gene expression. J. Cell. Biochem. Suppl. 35:27-35, 2000. © 2001 Wiley-Liss, Inc.
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EPIGENETIC MECHANISMS REGULATING
GENE EXPRESSION

Alterations in epigenetic mechanisms regu-
lating gene expression contribute to the genesis
and progression of cancer. Molecular mechan-
isms controlling gene expression include signal
transduction pathways, chromatin remodeling,
and DNA methylation. Also, events leading to-
ward changes in the structural organization of
a cell’s contents influence gene expression. In
this article, we will review the contribution of
these molecular mechanisms and structural
alterations in the malignant transformation of
cells.
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INVOLVEMENT OF THE TISSUE MATRIX IN
GENE EXPRESSION

The shape of a cell is governed by a dynamic
tissue matrix system that links together three-
dimensional skeletal networks from the nuc-
lear matrix (NM), cytoskeleton (CSK), and ex-
tracellular matrix (ECM) [Maniotis et al.,
1997a]. The NM is the skeletal framework of
the nucleus composed of the nuclear-pore
lamina, residual nucleoli, and a network of
proteins and RNA [Davie et al., 1999]. This
structure binds to DNA regions along the
chromatin fiber referred to as matrix attach-
ment regions (MARs), and organizes DNA into
loop domains [Davie et al., 1999].

The tissue matrix system is believed to form
a structural and functional connection between
the cell periphery and DNA, establishing a me-
chanical signaling pathway to transmit signals
from the cell’s exterior to nuclear DNA. In sup-
port of this, disrupting the cytoskeleton with
cytochalasin D or acrylamide prevents a cell
from interacting with the surrounding ECM
[Haier et al., 1999], and pulling a single chro-
mosome out from an interphase cell results in
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the removal of all subsequent chromosomes
along with the cytoskeleton [Maniotis et al.,
1997b]. Furthermore, a mechanical tug of the
integrins on the cell surface alters the organi-
zation of the cytoskeletal filaments, the loca-
tion of the nucleoli, and the shape of the
nucleus [Maniotis et al., 1997a].

Since the tissue matrix connects the cell
periphery with nuclear DNA, any changes in
the organization of the components of this
system may influence gene expression. For
example, a change in cell shape induced by
the ECM induces the expression of B-casein
[Bissell et al., 1999]. Also, a change in cell
shape along with ECM rearrangement leads to
changes in the nuclear localization of p53
[Bissell et al., 1999]. Furthermore, the ECM
downregulates the expression of TGF-p [Han-
sen and Bissell, 2000]. Thus, the ECM plays a
role in the transcriptional regulation of some
genes.

Similarly, changes in the structure and
composition of the cytoskeleton may also affect
gene expression by influencing the NM struc-
ture, and, therefore, DNA organization. Chan-
ges in CSK organization have been observed in
Kirsten kidney cells when transformed with
the ras oncogene [Pienta and Coffey, 1992]. In
addition, exposure of a cell to the tumor pro-
moter, phorbol 12-tetra-decanoate 13-acetate
(TPA), causes gross morphological changes in
cell structure and the organization of NM-
associated intermediate filaments [Fey and
Penman, 1984]. Studies performed in our
laboratory show that exposure of the MCF-7
human breast cancer cell line to estradiol
increases the total cellular levels of cytoker-
atins K8, K18, and K19, as well as the levels of
cytokeratins K8, K18, and K19 associated with
the NM and with nuclear DNA [Davie et al.,
1999]. Likewise, the treatment of rat vaginal
epithelium with estradiol results in an increase
in the levels of total cellular cytokeratins
[Kronenberg and Clark, 1985]. Thus, estrogen
action appears to involve changes in the
cytoskeletal structure. Whether these changes
are directly involved in or are a consequence of
estrogen-induced gene expression remains to
be determined.

Like the intermediate filament arrays, the
actin microfilament arrays of the cytoskeleton
also appear to play an important role in gene
expression. Estradiol treatment of the MCF-7
human breast cancer cell line causes rearran-

gements in the F-actin cytoskeleton that lead
to the formation of lamellipodial structures
[DePasquale, 1999]. Furthermore, numerous
studies indicate that actin exists in the nu-
cleus, and that nuclear actin plays a role in
chromatin remodeling. $-actin has been identi-
fied as a component of the chromatin remo-
deling SWI/SNF-like Brg-associated factor
complex. Also, the actin-related proteins,
Arp7 and Arp9, are shared components of the
SWI/SNF and RSC chromatin remodeling
complexes within yeast Saccharomyces cerevi-
siae. In a recent study, the Actl actin protein,
and the Act3/Act4 actin-related proteins were
identified as subunits of the H4/H2A histone
acetyltransferase, NuA4. The integrity of the
NuA4 complex relies on the presence of Act3/
Act4. Furthermore, Act3/Act4 could bind to
nucleosomes in vitro through the N-terminal
domains of histones H3, H4, and H2A [re-
viewed in Davie and Moniwa, 2000]. These
studies combined with observations that actin
is tightly associated with the NM, and that
actin is located within close proximity of DNA
suggest that actin may play a role in the
transcriptional process by promoting the
binding of histone acetyltransferases or other
components of chromatin remodeling com-
plexes to the NM [Rando et al., 2000].

The NM plays an important role in gene
expression by structurally organizing nuclear
DNA into loop domains. In addition, the NM is
associated with a variety of transcription
factors and transcriptional machinery [Davie
et al., 1999] (Fig. 1). Studies showing that a
large percentage of acetyltransferases and
deacetylases co-localise to the NM suggest that
the NM plays a role in determining the over-
all structure of loop domains, as well as the
structure of individual genes within these
domains. In support of this, treatment of cells
with an antibody to the NM protein NuMA,
disrupts the NM and alters the pattern of
histone acetylation [Lelievre et al., 1998].
Furthermore, the ECM, which is structurally
connected to the NM, induces transcription
by promoting interaction between enhancer-
bound transcription factors, the basal tran-
scriptional machinery, and histone acetyl-
transferases [Myers et al., 1998].

In addition to playing an important role in
gene expression, tissue structure also influ-
ences cell cycle progression. Degradation of
fibrillar collagen within the ECM causes the
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Fig. 1. The Ras/MAPK signaling pathway and the remodeling
of chromatin. Stimulation of the Ras/MAPK pathway by EGF or
TPA or oncoproteins results in the activation of ERK, which in
turn activates Rsk-2, Msk1, histone acetyltransferases (HATSs)
(CBP, SRC-1, SRC-3), and cyclin E-cdk2 kinase, a histone H1
kinase. In this model Rsk2 and/or Msk1 phosphorylate H3
associated with immediate-early response genes like c-fos. H3

downregulation of the p27¥P! cell cycle inhi-
bitor in melanoma cells and allows these cells
to enter the cell cycle [Henriet et al., 2000]. In
addition, limiting the shape of a cell such that it
cannot spread out prevents this cell from
increasing its cyclin D1 protein levels, phos-
phorylating the retinoblastoma protein, and
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and other nucleosomal histones are reversibly acetylated by
HATs (CBP, SRC-1, SRC-3, PCAF) and HDACs recruited to the
gene. In association with the HATs and HDACs, ATP-driven
chromatin remodeling complexes rearrange chromatin struc-
ture, resulting in expression of the gene [for review see Davie
and Moniwa, 2000]. PIC, preinitiation complex; NM, nuclear
matrix.

decreasing the levels of the p275P! cell cycle
inhibitor [Huang et al., 1998]. Similarly, dis-
ruption of the actin microfilament array pre-
vents G1-S-phase transition [Huang et al.,
1998]. Thus, changes in cell shape and cytos-
keletal structure most likely play an important
role in cell cycle progression by promoting the
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interaction of cellular components involved in
G1-S-phase transition [Huang et al., 1998].

INVOLVEMENT OF THE TISSUE MATRIX
SYSTEM IN ABERRANT GENE EXPRESSION

Considerable evidence suggests that the
development of malignancy requires changes
in the structure of tissue [Bissell et al., 1999].
The treatment of human breast tumor cells
with an inhibitory B-integrin antibody causes
these cells to assume a normal phenotype
[Hansen and Bissell, 2000]. Similarly, breast
tumorigenesis appears to be accompanied by an
increase in the expression levels of f-integrin, a
protein that helps form the integrin transmem-
brane receptor complex which connects the
cytoskeleton to the ECM [Hansen and Bissell,
2000]. In addition, loss of cell anchorage leads
to a decrease in p53 tumor suppressor levels in
human foreskin keratinocytes [Bissell et al.,,
1999]. This decrease, however, was reversed
when cells were allowed to reattach to a sub-
stratum [Bissell et al., 1999]. Observations that
the structure of a tissue is important for cell
cycle progression also suggest a role for the
tissue matrix in cancer development since
alterations in the composition of the tissue
matrix system may alter the interactions of
cell-cycle regulatory proteins, and contribute
toward the abnormal growth of cancer cells
[Huang et al., 1998; Henriet et al., 2000].

Changes in NM composition have also been
shown to correlate with the metastatic poten-
tial of oncogene-transformed mouse fibroblast
cell lines and with the state of differentiation
of breast cancer cell lines [Davie et al., 1999].
Also, numerous studies show that the NM
protein profiles of normal and cancer cells
differ [Muenchen and Pienta, 1999; Deppert,
2000; Davie et al., 1999]. Breast carcinomas but
not normal or benign cells express a 114-kDa
matrix attachment region binding protein, and
the expression of this protein is elevated in
poorly differentiated breast ductal carcinomas
[Galande and Kohwi-Shigematsu, 2000]. Our
group has also observed differences in the
levels of NM proteins associated with DNA in
various breast cancer cell lines representing
different stages of breast tumor development
[Spencer et al., 2000]. The NM organizes and
regulates nuclear processes [Deppert, 2000].
This structure organizes DNA into loop
domains as well, [Deppert, 2000]. Because of

this, differences in the expression of NM
proteins may alter DNA topology, as well as
interactions between the NM-associated tran-
scriptional machinery and various genes. Thus,
changes in the NM composition may cause
genes that are normally inactive to become
situated close to the transcriptional machinery.
The abnormal expression of a gene could
subsequently initiate a series of events linked
to cancer development. In support of this, we
have recently identified differences in the two-
dimension profiles of total and DNA-associated
NM proteins isolated from a panel of estrogen
receptor positive cell lines reflecting different
stages of malignant progression in breast
cancer (Spencer, VA, Samuel, SK, and Davie,
JR, unpublished). Whether these structural
alterations in the NM organization actually
contribute toward aberrant gene expression
and breast cancer development or are simply a
consequence of the transformation process
remains to be determined.

The organization of the cytoskeleton also
appears to be important in tumor development
since the disruption of the microfilament or
intermediate filament array alters the meta-
static potential of tumor cells [Haier et al.,
1999]. In addition, the principal cytokeratins in
breast tumors are K8, K18, and K19, whereas
cytokeratins K4, K5, K6, K14, and K17 are
predominantly expressed in normal breast
epithelial cells [Holth et al., 1998]. The major-
ity of breast cancer cells express the estrogen
receptor (ER). In their early stage of develop-
ment, these cells are dependent on estrogen for
proliferation. However, as these cells progress
to a more malignant stage, they no longer
require estrogen for growth [Hansen and
Bissell, 2000]. The levels of total, NM-asso-
ciated and DNA-associated cytokeratins K8,
K18, and K19 in hormone-dependent MCF-7
human breast cancer cells are induced by
exposure to estradiol. However, this inductive
response appears to be lost when these cells are
chronically grown in estrogen-deplete condi-
tions [Davie et al., 1999]. Thus, the organiza-
tion of the intermediate filament array in
hormone-dependent human breast cancer cells
appears to differ from that in hormone-inde-
pendent cells [Davie et al., 1999].

The cytoskeletal protein, vimentin, also ap-
pears to play an important role in tumorigen-
esis. Evidence that bone-marrow-derived
micrometastatic prostate, breast, lung, and
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colon cancer cell lines all contain vimentin
suggests a role for this protein in cell motility,
growth, and invasion [Putz et al., 1999]. The co-
expression of vimentin and cytokeratin inter-
mediate filaments appears only in hormone-
independent, and highly invasive human
breast cancer cell lines, while hormone-depen-
dent, poorly invasive human breast cancer cell
lines do not express vimentin [Kirschmann
et al., 1999]. These observations combined with
evidence that vimentin and cytokeratins
associate with DNA in situ further suggest
that the organization of cytokeratin- and
vimentin-containing intermediate filament
arrays may influence the structure of chroma-
tin such that genes conferring a cell with an
invasive phenotype start to become expressed
[Davie et al., 1999; Spencer et al., 2000].

NM AND CYTOSKELETAL PROTEINS
IN CANCER DIAGNOSIS

Considerable research has been conducted to
develop non-invasive methods for cancer detec-
tion. The identification of cancer-specific NM
proteins has instigated a widespread effort for
identifying NM proteins that are specific for
cancer cells and easily detected in the blood or
serum of cancer patients. From this effort, ele-
vated levels of the bladder cancer-specific NM
protein BLCA-4 have been identified in the
urine of bladder cancer patients [Konety et al.,
2000]. In addition, NMP22 has been identified
as a sensitive indicator for bladder cancer that
can be detected in the urine of bladder cancer
patients. Because of this, a kit detecting
NMP22 in urine has now been made available
for bladder cancer screening [Konety and Get-
zenberg, 1999]. Thus, the use of NM proteins as
diagnostic indicators for cancer shows great
promise. However, it is important to further
elucidate the role of these NM proteins in
cancer development since this may reveal new
targets for cancer therapy.

CHROMATIN REMODELING COMPLEXES

There are two broad groups of chromatin
remodeling complexes: complexes that use ATP
hydrolysis to increase access of nucleosomal
DNA to transcription factors and nuclear enzy-
mes, and histone modifying enzymes, which
include histone acetyltransferases (HATS), his-
tones deacetylases (HDACs), and histone kina-

ses [for review see Davie and Moniwa, 2000;
Sterner and Berger, 2000] (Fig. 1). HATS,
HDACs, and chromatin remodeling (SWI/
SNF) complexes are associated with the nu-
clear matrix [Davie and Moniwa, 2000]. Altera-
tions in NM proteins that are observed in
cancer cells likely herald changes in the
nuclear location and function of chromatin
remodeling complexes and the signals that
they are receiving and/or transmitting.

Histone acetyltransferases (HATSs) catalyze
the addition of acetate to specific lysine resi-
dues located in the amino-terminal tails of the
nucleosomal histones (H2A, H2B, H3, H4)
[Sterner and Berger, 2000]. Most HAT's identi-
fied to date are transcriptional coactivators,
which are recruited to specific promoters and
enhancers by transcription factors, and the
HATSs exist as large multiprotein complexes
[Davie and Moniwa, 2000] (Fig. 1). HATs often
operate in conjunction with ATP-driven chro-
matin remodeling complexes. The net result of
these activities is the destabilization of higher
order chromatin structure and the movement
and/or dissolution of nucleosomes, allowing
access of the transcription factors and the
transcription machinery to specific regulatory
sites [for review see Davie and Moniwa, 2000].
Histone deacetylases and chromatin remodel-
ing complexes may also work together in gene
silencing. The regulation of these chromatin
remodeling complexes is intertwined with sig-
nal transduction pathways, which are per-
turbed in cancer cells.

In humans, loss of one allele of CBP, a HAT,
is the underlying defect in the Ruberstein—
Tabyi syndrome. Patients with this syndrome
are more prone to cancer, consistent with the
suggestion that CBP/p300 may function as a
tumor suppressor. Further, somatic transloca-
tions involving the CBP gene are found in
various types of hematological malignancies
[for review see Blobel, 2000].

The HATs CBP, SRC-1, and SRC-3 are
phosphoproteins. CBP/p300, one of the more
potent HATs within a mammalian cell, acet-
ylates the four nucleosomal histones and
transcription factors [Sterner and Berger,
2000]. CBP is an integrator of several signal
transduction pathways (STPs), and many fac-
tors are in competition to recruit CBP/p300 [for
review see Davie and Chadee, 1998]. CBP is
phosphorylated by ERK1, enhancing the HAT
activity of CBP in vitro. Thus, the activity of
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CBP may be regulated by the Ras-MAPK
pathway, the regulation of which is the target
of several oncoproteins (Fig. 1). Likewise, AIB1
(amplified in breast cancer 1; also named SRC-
3) is phosphorylated by Erk2; this phosphor-
ylation event increases AIB1’s affinity for CBP.
SRC-1 is also phosphorylated through the
mitogen-activated protein kinase (MAPK)
pathway [Rowan et al., 2000]. The steroid
receptor coactivators SRC-1 and SRC-3 (also
called p/CIP, ACTR, RAC3, AIB1, and TRAM-
1) are recruited by ligand-bound nuclear
receptors (e.g., estradiol-bound estrogen recep-
tor). Thus, the elevated expression of AIB1
coupled with a deregulated Ras-MAPK path-
way may result in improper expression of
hormone responsive genes [for review see
Davie and Moniwa, 2000].

The association of the chromatin modifying
and remodeling complexes with the NM is
dynamic. As an example, upon the addition of
estradiol of breast cancer cells, the ligand-
bound estrogen receptor is rapidly recruited to
the NM, which in turn recruits the HAT SRC-1
to the NM [Stenoien et al., 2000]. The organiza-
tion of the cytoskeleton may play an important
role in this dynamic attachment. As discussed
above, estradiol administration to breast can-
cer cells results in the reconfiguration of the
cytoskeleton, the formation of contacts between
intermediate filaments and nuclear DNA, and
the genesis of nuclear bodies associated with
the NM [Davie et al., 1999; McNeil et al., 2000].

Eight HDACs have been identified in mam-
malian cells, and several of the HDACs are
present in large, multiprotein complexes [Davie
and Moniwa, 2000]. PML-RAR«a, PLZF-RAR«
and AML-1-ETO, oncoproteins, which are
generated by chromosomal translocations, in
acute promyelocytic leukemia, recruit HDAC
complexes. In addition to instigating the
abnormal recruitment of HDAC to specific
genes, these chimeric proteins also alter the
subnuclear trafficking of the HDACs to differ-
ent sites on the NM [McNeil et al., 2000].
HDAC complexes are also recruited by the
BTB/POZ domain found in the oncoprotein
LAZ3/BCL6. The recruitment of HDAC is
crucial to the transforming potential of these
oncoproteins [for review see Cress and Seto,
2000; Weidle and Grossmann, 2000]. Inhibiting
the HDAC activity with a new generation of
HDAC inhibitors appears to be a promising
approach to the treatment of these cancers

[Su et al., 2000; Weidle and Grossmann,
2000].

DNA METHYLATION AND
HISTONE DEACETYLATION

DNA methylation is associated with gene
silencing, chromosome X-inactivation, and
imprinting. The methyl-CpG-binding protein
2 (MeCP2) recruits the HDAC complex Sin3,
[Jones et al., 1998] while the methyl-CpG-
binding domain-containing protein (MBDZ2)
recruits the HDAC complexes Sin3 and NuRD
complexes, providing several avenues for cou-
pling DNA methylation and histone deacetyla-
tion in gene silencing. DNMT1, which is the
principal enzyme in the maintenance of mam-
malian DNA methylation, is localized in repli-
cation sites, which are associated with the NM.
DNMT1 binds to HDAC1 and HDAC2. HDAC1,
Rb, and E2F form a complex with DNMT1. The
coupling of HDAC1 and HDAC2 with DNMT1
provides a mechanism for temporally coupling
histone deacetylation with methylation during
replication [for review see Davie and Moniwa,
2000]. Overexpression of DNMT1 transforms
cells, while inhibition of DNMT1 activity or
expression reverses the transformed pheno-
type [Rennie and Nelson, 1999; Slack et al.,
1999; Knox et al., 2000]. Interestingly, inhibi-
tion of DNMT1 expression inhibits DNA repli-
cation [Knox et al., 2000].

Deregulation of DNA methylation is obser-
ved in cancer cells. Nickel sulfide and nickel
subsulfide are potent carcinogens that inhibit
histone H4 acetylation and augment DNA
methylation [Broday et al., 2000]. It has been
suggested that these metal carcinogens induce
malignant transformation of cells by silencing
the expression of tumor suppressor genes
[McBurney, 1999].

HISTONE PHOSPHORYLATION
AND CHROMATIN REMODELING
IN TRANSFORMED CELLS

Persistent activation of the Ras-MAPK sig-
naling pathway results in elevated levels of
phosphorylated histone H1b and histone H3
and a decondensed chromatin structure in
oncogene-transformed mouse fibroblasts [Cha-
dee et al., 1999] (Fig. 1). Further, Rb-deficient
human fibroblasts have increased levels of
phosphorylated H1 and a relaxed chromatin
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structure [Herrera et al.,, 1996]. Cyclin E-
cyclin-dependent kinase 2 (cdk2) is responsible
for increasing the levels of phosphorylated H1.
Two kinases, Rsk2 and Mskl, which are
activated by the Ras-MAPK pathway, phos-
phorylate H3.

Phosphorylation of mouse H1b is dependent
upon ongoing transcription and replication
processes. The inhibition of these processes
results in decreased levels of phosphorylated
H1b probably by restricting the access of H1b to
cyclin E-cdk2 kinase [Davie and Chadee, 1998].
The modification of this mouse histone is
unique in this regard. No other histone modi-
fication has been shown to be dependent upon
these processes.

Activation of the Ras-MAPK pathway results
in the rapid phosphorylation of H3 and the
transcriptional activation of the early response
genes c-fos and c-jun. We provided the first
direct evidence that the newly phosphorylated
H3 is associated with induced c-fos and c-myc
genes [Chadee et al., 1999]. Fibroblasts from
these Coffin—Lowry patients, who have a mut-
ation in the Rsk2 gene, do not exhibit phos-
phorylation of H3 when the Ras-MAPK
pathway is stimulated by EGF or TPA, and,
interestingly, growth factor-induced expres-
sion of the c-fos gene is severely impaired. Also
H89, an inhibitor of MSK1 but not of ERKSs or
Rsk2, inhibited EGF-stimulated H3 phosphor-
ylation and expression of c-fos and c-jun. Follo-
wing the phosphorylation event, H3 that is
associated with the immediate-early response
genes (c-fos and c-jun) is acetylated at lysine 14
[Cheung et al., 2000]. At the time that this
article was being prepared, it was not clear
which HAT was responsible. However, CBP/
p300 is a good candidate [for review see Davie
and Moniwa, 2000].

Newly phosphorylated H3 is located in
numerous small foci scattered throughout the
interphase nuclei of TPA-treated cells. These
foci were found outside condensed chromatin
regions. Highly acetylated H3 is also observed
in similarly positioned numerous small foci,
which agrees with the observation that H3
phosphorylation is restricted to a small fraction
of H3 histones that are dynamically highly
acetylated [Hendzel et al., 1998].

The phosphorylation and acetylation of H3
and perhaps acetylation of the other core
histones are likely involved in the induced
expression of immediate-early genes by remo-

deling the chromatin fiber. Consistent with this
view, the c-fos chromatin becomes more DNA-
ase I-sensitive following activation of the Ras-
MAPK pathway. As the H3 tail contributes to
the folding and inter-association of chromatin
fibers, modification of the H3 tail by acetylation
and phosphorylation may destabilize higher
order compaction of the chromatin fiber [for
review see Davie and Moniwa, 2000]. The de-
condensation of chromatin by persistent acti-
vation of the Ras-MAPK pathway in cancer
cells is likely a factor in the aberrant gene
expression displayed by these transformed
cells.

FUTURE DIRECTIONS

Intervention in the mechanical and chemical
signaling pathways results in aberrant gene
expression observed in cancer cells. Aberrant
nuclear and cellular structures are hallmarks
of malignant transformation. Future studies
will decide if changes in nuclear organization
contribute to or are a consequence of transfor-
mation. Accompanying the changes in nuclear
structure is the presence of cancer-specific NM
proteins. In the diagnosis and prognosis of
cancer, the quest to identify informative NM
proteins will continue. It is our view that the
identification of those NM proteins that are
associated with nuclear DNA will be particu-
larly fruitful. There is considerable activity and
excitement in unfolding the role of massive,
multiprotein chromatin remodeling/modifying
complexes in manipulating chromatin struc-
ture and function. Future studies will reveal
mechanisms involved in altering the activity
and targeting of these complexes to chromatin
and NM sites in cancer cells. In this review, we
have discussed the deregulation of histone
acetylation and phosphorylation in cancer
cells. Histones are also modified by methyla-
tion, ubiquitination, and ADP-ribosylation and
these modifications likely alter chromatin
structure and function. Future studies will
reveal the enzymes that catalyze these modi-
fications and how their activities are side-
tracked in cancer cells.
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